Genomes contain a large number of genes that do not have recognizable homologues in other species and that are likely to be involved in important species-specific adaptive processes. The origin of many such ''orphan'' genes remains unknown. Here we present the first systematic study of the characteristics and mechanisms of formation of primatespecific orphan genes. We determine that codon usage values for most orphan genes fall within the bulk of the codon usage distribution of bona fide human proteins, supporting their current protein-coding annotation. We also show that primate orphan genes display distinctive features in relation to genes of wider phylogenetic distribution: higher tissue specificity, more rapid evolution, and shorter peptide size. We estimate that around 24% are highly divergent members of mammalian protein families. Interestingly, around 53% of the orphan genes contain sequences derived from transposable elements (TEs) and are mostly located in primate-specific genomic regions. This indicates frequent recruitment of TEs as part of novel genes. Finally, we also obtain evidence that a small fraction of primate orphan genes, around 5.5%, might have originated de novo from mammalian noncoding genomic regions.
Introduction
The gene content of genomes varies in different lineages, indicating the existence of general and widespread mechanisms of gene birth and loss (Long et al. 2003) . The study of lineage-specific genes has generated much interest in recent years as these genes are particularly important in helping understand recent adaptive processes. It is well established that gene duplication is a major mechanism for the formation of novel genes (Ohno 1970; Zhou et al. 2008) , including segmental DNA duplications and retrotransposition events (Fortna et al. 2004; Marques et al. 2005) . Genes formed by gene duplication can normally be grouped into gene families that include members from distant species. For example, Kruppel-associated box-Zinc finger proteins (KRAB-ZNF) have undergone numerous lineage-specific gene duplications in mammals (Eichler et al. 1998; Castresana et al. 2004 ), but the copies retain significant sequence similarity to vertebrate KRAB proteins.
A special class of lineage-specific genes are ''orphan'' genes, which are genes that do not show homology to sequences in other species (Fischer and Eisenberg 1999) . Each newly sequenced genome contains a significant number of such genes. For example, among 60 fully sequenced microbial genomes, 14% of genes are species-specific orphans (Siew and Fischer 2003) , and about 18% of genes in Drosophila are restricted to the Drosophila group ). They typically encode short proteins and show high nonsynonymous substitution rates, but their functions are largely unknown (Domazet-Loso and Tautz 2003; Daubin and Ochman 2004) .
Due to their lack of phylogenetic conservation, the origin of orphan genes has remained elusive. One proposed scenario is that they derive from gene duplication events in which one copy has accumulated so many sequence changes that the ancestral similarity is no longer detectable (Domazet-Loso and Tautz 2003) . This process should involve abnormally high sequence divergence rates, given that for short timescales (e.g., within mammals), sequence similarity methods should suffice to detect homology for most genes, including those that are rapidly evolving (Alba and Castresana 2007) . Non-deleterious frameshift mutations after gene duplication could also potentially generate novel protein-coding genes (Ohno 1984) , as recently shown in mouse (Okamura et al. 2006) . A second scenario, which does not involve gene duplication, is direct birth of new protein-coding genes from noncoding genomic regions, such as introns, gene untranslated regions, or intergenic regions. This mechanism has recently been reported in Drosophila (Levine et al. 2006; Zhou et al. 2008 ) and yeast (Cai et al. 2008 ) but has not been observed in mammals. Sequences derived from transposable elements (TEs), such as Alu repeats in primates, can be incorporated into preexisting human genes, often forming new exons (Makalowski et al. 1994) . Interestingly, TE insertions have been suggested to be implicated in the creation of two new mouse genes (Nekrutenko and Li 2001) , but the global impact of this process in the formation of completely new genes in mammalian genomes remains unknown.
The aim of the present study is to estimate the relative importance of the different mechanisms of gene formation in primate genomes. For this, we examine the patterns of conservation of mammalian syntenic genomic regions, perform extensive gene homology searches, and map the positions of TEs onto human genes. We conclude that about one-fourth of the orphan genes are likely to have been formed by gene duplication processes, that TEs are likely to have played a very important role in the formation of the remaining genes, and that some new genes may have arisen de novo from noncoding sequences by TE-independent mechanisms.
Materials and Methods

Sequence Data Sets
Human-macaque orthologous protein pairs, their corresponding gene coding and protein sequences, expression data, and chromosome number were obtained using Biomart at Ensembl, version 48 (Flicek et al. 2008) . We used build NCBI36 of the human genome and Mmul_1 of the macaque genome. When more than one protein sequence per gene was available, we chose the longest one. In order to build groups of primate genes of different phylogenetic distribution, we obtained protein sequences from 14 additional eukaryotic complete genomes. Sequences from Saccharomyces pombe and Arabidopsis thaliana were downloaded from the Cogent Database release 153 (Goldovsky et al. 2005) . Sequences from Pan troglodytes (CHIMP1), Mus musculus (NCBIM36), Rattus norvegicus (RGSC3.4), Bos Taurus (Btau_2.0), Canis familiaris (BROADD1), Gallus gallus (WASHUC1), Xenopus tropicalis (JGI4.1), Danio rerio (ZFISH6), Saccharomyces cerevisiae (SGD1.01), Caenorhabditis elegans (WS180), Drosophila melanogaster (BDGP54), and Takifugu rubripes (FUGU4) were downloaded from Ensembl.
Classification by Phylogenetic Distribution
We classified the human proteins into four gene age groups-Primates, Mammals, Vertebrates, and Eukaryausing BlastP sequence similarity searches (Altschul et al. 1997) . The data set comprised 20,764 human proteins (Ensembl 48). We considered that there existed a homologue in another genome if there was at least one BlastP hit with an expectation value (E value) smaller than 10 À4 , as previously described (Alba and Castresana 2005) . To avoid false positives caused by low-complexity sequences, we filtered this type of region from the human sequences using the SEG program (Wootton and Federhen 1996) . If the human protein had any homologue in P. troglodytes and Macaca mulatta but not in the other genomes, it was classified as Primates (primate orphan genes). If the protein had homologues in the other 4 mammalian species but not in the rest of the eukaryotes, it was classified as Mammals. If it had homologues in all the species mentioned above, and also in all other vertebrates ''tested'' but not in the rest of the eukaryotes, it was classified as Vertebrates. Finally, if it had homologues in all 15 eukaryotes tested, it was classified as Eukarya. This classification was quite strict, and some genes with more complex conservation patterns could not be classified, but it provided robust classes of welldefined phylogenetic age. Human pseudogenes were downloaded from the psedogene.org database (Karro et al. 2007) , and an R script was used to determine if there were pseudogenes overlapping the coding region of primate orphan genes. Single exon genes that overlapped TEs were eliminated to discard possible contamination of TEs incorrectly annotated as genes. The final data set contained 270 Primate genes, 364 Mammal genes, 1,958 Vertebrate genes, and 6,153 Eukarya genes.
Calculation of Nucleotide Substitution Rates
For each human and macaque orthologous protein pair, we obtained the corresponding coding sequences from Ensembl. The coding sequence alignments were based on protein alignments, which were obtained by ClustalW (Thompson et al. 1994) . Nonsynonymous substitutions per nonsynonymous site (Ka) and synonymous substitutions per synonymous site (Ks) were estimated using the maximum likelihood method implemented in the codeml program of the PAML software package (Yang 2007) . Pairs with high substitution rates (Ka . 0.5 and/or Ks . 0.5 substitutions/site) were not used in the analysis of evolutionary rates to avoid the inclusion of non bona fide orthologues. We obtained 7,203 gene pairs classified in different age groups: 5,814 Eukarya, 1,664 Vertebrates, 276 Mammals, and 120 Primates.
Codon Usage
We built a codon usage table using 35,882 nonredundant human coding sequences from Ensembl, after filtering out those sequences in which start or stop codons were missing or which had stop codons in frame. For each codon, its relative frequency of use was estimated as the number of occurrences of that codon throughout the sequence data set divided by the total number of codons. The ATG codon (Methionine) as translation initiation codon was not taken into account as this position is used to predict the start of open reading frames (ORFs). Using this codon usage table, we estimated codon usage scores for each different codon dividing its relative frequency of use by the uniform probability of occurrence (1/64), in log scale. Using these scores, for any given DNA sequence divided in codons, we estimated its capacity of coding for a protein (often referred to as coding potential or coding bias) by adding up the scores of every codon along the sequence, as previously described (Guigo 1999) . To compare sequences of different length, we divided the previous score by the number of codons in the sequence obtaining a measure of average codon usage score per codon. Positive values indicate a codon usage similar to that observed in human proteins. Negative values indicate a codon usage typical of noncoding sequences.
We examined the distribution of codon usage scores in six data sets, one that contained all the human coding sequences from Ensembl (35, 882) , a subset of these comprising those sequences 100 amino acids (1,668), a subset containing coding sequences with evidence at protein level (20,689), a subset of these coding sequences with evidence at protein level and 100 amino acids (1,659), a library of noncoding RNA genes curated from the literature from the database RNAdb (939 genes) (Pang et al. 2007) , and our data set of primate orphan coding sequences (270 genes). As a control, we also examined noncoding portions of protein-coding genes and alternative noncoding frames.
Expression and Functional Data
Tissue gene expression data were obtained from Ensembl, using the eGenetics/SANBI annotated expressed sequence tag (EST) collection. The number of annotated tissues was 70, and for each gene, we recorded the number of tissues in which there was EST-based expression evidence. We also retrieved Gene Ontology (GO) functional annotations from Ensembl for primate orphan genes and their human paralogues. We used the database Uniprot (Bairoch et al. 2005) to retrieve further functional information and literature as well as to obtain a list of human genes with evidence at the protein level using an in-house Perl program.
Analysis of Syntenic Genomic Regions
Syntenic regions to the list of 270 primate orphan human genes were extracted for M. musculus, R. norvegicus, C. familiaris, and B. taurus, using the Galaxy server (Giardine et al. 2005) . The alignments were based on build hg18 for the human genome, build mm8 for the mouse genome, build rn4 for the rat, build canFam2 for the dog genome, and build bosTau2 for the cow genome.
For each gene, we calculated the syntenic sequence coverage and percentage identity. The coverage was the fraction of the alignment that did not contain gaps. We used this measure to classify the genes in primate orphan genes showing conserved synteny if coverage was between 0.70 and 1 in at least two mammalian species and in primate orphan genes with no conserved synteny if the coverage was between 0 and 0.2 in all four mammalian species.
For genes with conserved synteny, we calculated the percentage identity of the genomic alignment corresponding to the human coding sequence and the human noncoding sequence separately. We also translated the nonprimate genomic sequences in the three possible reading frames and obtained artificial translations that were as similar as possible to the human protein sequences. In some cases, we needed to introduce frameshifts to maximize the similarity to the human protein. We used in-house Perl programs for these tasks. Protein multiple alignments were obtained by T-Coffee (Notredame et al. 2000) , which was followed by manual editing if necessary. Vertebrate genomic syntenic conservation was also visually inspected using the University of California-Santa Cruz (UCSC) Genome Browser (Karolchik et al. 2008 ).
Sequence Similarity Searches
We extracted the genomic positions of TE sequences (comprising short interspersed element (SINE), long interspersed element (LINE), long terminal repeat [LTR] , and DNA) identified by RepeatMasker and available from the UCSC Genome Browser and used these coordinates to identify all orphan genes that contained TE sequences in their coding regions.
To identify paralogues of primate orphan genes, we performed BlastP searches against all human proteins. If there were no significant hits, we additionally performed TBlastN searches against all human chromosomes to identify possibly unannotated proteins. BlastP cutoff E value was 0.5, which allowed detection of the paralogy between dermcidin and lacritin. We identified 66 genes with paralogues that showed significant similarity to mammalian proteins. In 12 of these genes (18%), the similarity included TE regions but was also significant when these regions were not considered. We used T-Coffee to build sequence alignments (Notredame et al. 2000) and the program ''neighbor'' in the PHYLIP package for distance-based tree reconstruction (Felsenstein 2005) .
The best BlastP hit among nonprimate-specific paralogues was recovered (here named ''parental'' gene) and the positions of introns compared with those of the orphan genes. When at least one splice site was located in the same position in the alignment of the parental and orphan genes, we assumed that gene duplication had occurred by unequal crossing over (or segmental duplication, S); when none of the splice sites in the parental gene could be matched to the orphan gene, we assumed that it had occurred by retrotransposition (R). In some cases, there were no splice sites in the aligned part of the parental gene; these cases were left undetermined (S/R).
We performed TBlastN searches with primate orphan gene human proteins against GenBank EST human and mouse databases, using default parameters.
Regulatory Motif Analysis
We identified significant motifs in proximal promoter sequences (À600 to þ100) from 14,678 human genes from Ensembl, using the program PEAKS (Bellora et al. 2007a ). This algorithm identifies motifs based on their positional bias with respect to the transcription start site. We used libraries of known vertebrate transcription factor-binding sites from TRANSFAC (Matys et al. 2006 ) and JASPAR (Vlieghe et al. 2006) . Redundant motif matches were clustered as described previously (Bellora et al. 2007b ). The parameters used were window size 31 and P value , 10 À5 . We obtained a list of significant motifs in the complete human gene data set, the average number of motifs in different subsets of genes, and P values using random sequences of the same composition as the test sequence (Bellora et al. 2007b ).
Statistical Tests and Graphics
As evolutionary rates greatly depart from a Normal distribution, we used the nonparametric KolmogorovSmirnov test to detect any statistical differences between Ka, Ks, and Ka/Ks in different gene groups. In the case of codon usage scores, both the Shapiro-Wilk normality test and the one-sample Kolmogorov-Smirnov test indicated normality for all sequence data sets (P value , 10 À3 ), and therefore, we used a t-test to compare data set pairs. In order to determine if there were differences in the expression patterns between all human genes and primate orphan genes, we used a Fisher test. We used the R statistical software package (R DCT 2007) for all calculations.
Results
Features of Primate Orphan Genes
We identified all human proteins from Ensembl (Flicek et al. 2008 ) that showed significant sequence similarity to chimpanzee (P. troglodytes) and macaque (M. mulatta) gene products but lacked homologues in 13 other complete eukaryotic genomes, including 3 nonprimate mammalian species. We only considered human genes with putative homologues in other primates in order to increase the confidence in the genes in our data set. This comprised 270 primate orphan genes (Materials and Methods, supplementary file 1, Supplementary Material online), with an estimated pseudogene inclusion rate below 5% (supplementary file 2, S1, Supplementary Material online).
All genes were annotated as protein-coding genes in Ensembl, but direct protein evidence was missing except in 6 cases, and the encoded peptides were in general short. For this reason, we analyzed their coding potential (Materials and Methods) and compared it with several coding and noncoding sequence data sets (table 1) . In all coding sequence groups, including our data set of primate orphan genes, the average codon usage score was positive. In contrast, all noncoding sequence groups showed negative scores. The difference between primate orphan genes and noncoding RNA genes, or noncoding gene frames, was highly significant (P , 10
À5
). Therefore, the data support the current annotation of these genes as protein-coding genes.
Orphan genes in Drosophila have been reported to evolve rapidly (Domazet-Loso and Tautz 2003; Zhang et al. 2007 ). We found that the nonsynonymous to synonymous (Ka/Ks) substitution rate ratio of primate orphan genes was markedly high, with a median Ka/Ks of 0.91 for human and macaque orthologous sequence comparisons. Similarly, high Ka/Ks values were observed in the subset of genes encoding experimentally verified proteins, such as the primatespecific antibacterial peptide dermcidin (Ka/Ks 0.89). We compared these results with groups of genes of an increasingly wider phylogenetic distribution: mammalian-specific genes (Mammals), vertebrate-specific genes (Vertebrates), and widely distributed eukaryotic genes (Eukarya) (see Materials and Methods). Consistent with previous reports Castresana 2005, 2007; Cai et al. 2006; Luz et al. 2006; Zhang et al. 2007 ), we found an accelerated evolutionary rate in younger genes with respect to older ones ( 
Functionality of Primate Orphan Genes
The functions of orphan genes are generally poorly characterized (Daubin and Ochman 2004; Domazet-Loso et al. 2007) , and most primate orphan genes in our data set were of unknown function. However, there were some exceptions. A well-characterized gene was dermcidin, encoding a peptide secreted in sweat glands with antimicrobial activity, which has also been reported to be involved in neural survival and cancer (Schittek et al. 2001; Porter et al. 2003) . Another primate orphan protein with a role in immune response was minor histocompatibility protein HB-1, which is able to stimulate T-cell responses (Dolstra et al. 1999) . A third example of a gene with a described function was the SPHAR gene (S-phase response), involved in the regulation of DNA synthesis (Digweed et al. 1995) . Two more genes, FAM9B and FAM9C, exclusively expressed in testis, have been suggested to play roles in mediating recombination during meiosis (MartinezGaray et al. 2002) . Finally, one protein from the primatespecific morpheus gene family has been shown to locate in the nuclear pore complex (Johnson et al. 2001) .
To gain further insight into the functions of primate orphan proteins, we inspected the available gene expression data in Ensembl (eGenetics/SANBI). We found that primate orphan genes were expressed in significantly less tissues than human genes in general ( fig. 1, P value , 10 À5 ). In particular, the fraction of primate orphan genes expressed in only one tissue was 19% in comparison to 3.8% for all human genes. We did not find any significant tissue expression bias in tissue-specific orphan genes when compared with the complete gene data set. Gene expression is controlled to an important extent by transcription factors that bind to cis-regulatory motifs in the promoter sequence. Common motifs in human promoters include Sp1 sites, the CAAT box and the GA-binding protein GABP box, among others. In general, tissue-specific genes contain a smaller number of such motifs (Bellora et al. 2007b) , so one should expect less motifs in primate orphan genes. Consistently, we found that the number of regulatory motifs in these genes was inferior to nonorphan genes, although significantly higher than in a random sequence control data set (supplementary file 2, S2, Supplementary Material online).
Mechanisms of Formation of Primate Orphan Genes
To obtain clues as to the processes underlying the formation of primate orphan genes, we performed several gene and genome comparative sequence analysis. In this section, we first describe the nature of the analysis and then provide a classification of the genes in relation to their possible mechanism of formation.
First, we investigated the similarity of the orphan genes to other human genes that were conserved in other mammals (hereafter ''phylogenetically conserved genes''). This allowed us to test the hypothesis that many orphan genes could be the result of complete or partial gene duplication events (Domazet-Loso and Tautz 2003). One known example was the orphan gene dermcidin, which sits next to the lacritin gene on chromosome 12. Both genes show similar exonic structure and, although they appear to have diverged to an important extent, sequence similarity between the two is still detectable (Ma et al. 2008) . Unlike dermcidin, the lacritin gene has homologues in other mammals, pointing to an earlier origin of the gene family. Using BlastP searches, we obtained a list of genes that showed complete or partial significant similarity to human phylogenetically conserved genes.
Second, we analyzed the similarity of the primate orphan genes to TE sequences (including SINE, LINE, LTR, and DNA transposons), using the genomic mapping of such elements available at the UCSC Genome Database (Karolchik et al. 2008) . These searches were motivated by previous observations that many new exonic sequences in human genes are derived from TEs (Makalowski et al. 1994 ). We obtained a list of orphan gene coding sequences that showed some degree of overlap with TE sequences.
Third, we determined the degree of conservation of the orphan gene genomic regions in four other mammalian species (mouse, rat, dog, and cow), using prebuilt genomic alignments from the UCSC (Karolchik et al. 2008 ). Lack of synteny was more frequent in the human-rodent comparisons than in human-dog or human-cow comparisons (supplementary file 2, S3, Supplementary Material online), which may be due to the previously described high rate of sequence deletion in rodents, resulting in the mouse genome being about 14% smaller than the human genome (Waterston et al. 2002) . The majority of genes could be classified in two well-defined groups: with no conserved synteny (105 genes), when the genes were located in genomic regions that did not align to any of the nonprimate mammalian genomes, and with conserved synteny, when they were located in regions that matched genomic sequences in at least two other mammals (56 genes). In the latter case, a similar percentage sequence identity was observed for genomic alignments corresponding to human coding and noncoding gene regions, indicating that these regions essentially lacked functional genes in the other mammalian species (supplementary file 2, S4, Supplementary Material online).
With these data, we could identify three main mechanisms associated with the formation of orphan genes in primates (table 3, supplementary file 1, Supplementary Material online).
Gene Duplication
About one-fourth of the primate orphan genes showed similarity to phylogenetically conserved human genes (66 genes), indicating that they had been formed by gene duplication. In these cases, rapid sequence divergence, often accompanied by duplication of only a part of the ancestral gene, had initially hindered the identification of homologues (Zendman et al. 2002) . However, only XAGE-2 showed detectable similarity to XAGE homologues in other mammalian species, whereas the XAGE-1 sequence was too highly divergent ( fig. 2 ). Gene duplication may occur by unequal crossing over (segmental duplication) or retrotransposition. In the latter case, the new gene will initially have no introns, but there exists the possibility that, at a later stage, new introns may be inserted or new exons recruited. To estimate the relative frequency of these two mechanisms, we compared the position of splice sites in the orphan protein and its closest human relative. If at least one splice site was located in approximately the same position, we took it as evidence of segmental duplication. We estimated that 59% of the genes would have been formed by segmental duplication, 14% by retrotransposition, and the rest (27%) would be compatible with both mechanisms given the lack of splice sites in the aligned region (supplementary file 1, Supplementary Material online).
The identification of homologues with known functions may provide some hints as to the possible functions of orphan genes. Analysis of GO terms revealed that about one-third of the GO annotated paralogous genes had DNA binding-related functions. However, given the high divergence of orphan genes, it is unclear how many of these functions will be conserved.
Exaptation from TEs
Interestingly, about 70% of the genes with no similarity to phylogenetically conserved human genes matched TEs (142 genes). SINE elements (mostly Alus) comprised 93% of cases, either alone or accompanied by other TEs. These genes were mostly found in primate-specific genomic regions. TE-derived sequences corresponded to one or both exon boundaries, indicating TE exonization, or were embedded into an exon as a TE cassette (fig. 3) . The genes often included non-TE-derived exons, indicating alternative mechanisms of de novo exon formation. This suggests that coding sequence exaptation from TE may trigger or contribute in a very significant manner to the formation of novel genes in primate genomes.
De Novo Formation from Noncoding Genomic Regions
The remaining genes showed no similarity to TEs or to phylogenetically conserved human genes (62 genes). Interestingly, these genes were mostly found in genomic regions with conserved synteny in other mammals. In searching for   FIG. 2. -Multiple alignment and evolutionary tree of XAGE sequences. Sequences were human XAGE-1 (ENSP00000364766, orphan protein), human XAGE-2 (ENSP00000286049), and cow (Bos Taurus, bt) homologous protein (XP_001787281). The alignment corresponds to the conserved C-terminal half of the orphan protein (GAGE domain). Estimated amino acid substitution rates are indicated in the branches; the tree was obtained by Neighbor-Joining (Jones, Taylor, and Thornton matrix). clues as to their origin, we examined whether the corresponding nonprimate genomic regions had the capability to encode a similar, uninterrupted protein sequence. We identified 15 genes in which there was a strong evidence that the nonprimate sequence could not encode a similar protein due to the presence of multiple stop codons, frameshifts, and/or long gaps in several of the mammalian species ( fig. 4 , supplementary file 2, S5, Supplementary Material online). In addition, none of these genes showed similarity to mouse EST in the GenBank database. We also confirmed a lack of mammalian conservation of human exonic regions in the UCSC Genome Browser mammalian conservation track (supplementary file 2, S6, Supplementary Material online). These genes may thus have originated de novo from noncoding mammalian genomic regions. Interestingly, a number of them could be involved in cancer processes: PART-1 (ENSG00000152931), a gene that shows increased expression when exposed to androgens and that has been suggested to be involved in the etiology of prostate carcinogenesis (Lin et al. 2000) ; ENSG00000174613, an imprinted gene located in the critical region of Wilm's tumor 2 that shows reduced expression in this kind of tumor (Xin et al. 2000) ; and ENSG00000173046, overexpressed in colon carcinoma (Pibouin et al. 2002) . The characteristics of a selected list of genes are shown in table 4.
Discussion
The formation of new genes is an important source of functional innovation, which contributes to the adaptation of the organism to new conditions of life. For example, some novel genes formed in the primate lineage play roles in the defense against pathogens (e.g., dermcidin) or may be involved in spermatogenesis (Kouprina et al. 2004 ). However, many of these genes lack homologues in other species and are poorly characterized. Here we have attempted to shed new light on the nature and origin of primate orphan genes.
We have determined that primate orphan genes evolve about four times faster than the average gene. Such rapid evolutionary rates may be related to relaxed functional constraints on proteins with newly acquired functions and/or to positive selection linked to adaptive evolution (Johnson et al. 2001; Levine et al. 2006) . Besides, the genes generally encode short proteins, with a median length of 101 amino acids in the complete data set. Short ORFs are to be expected in genes that have arisen de novo, although this can also be a result of partial gene duplications of preexisting older genes. Interestingly, a recent estimation of the proportion of short proteins (,100 amino acids) in the mouse genome has elevated the number of such proteins from 3% to 10% of the proteome, including some peptides localized to the secretory pathway (Frith et al. 2006) . So a fraction of the primate orphan proteins could be located in the membrane or in the extracellular space, which is consistent with the observation that some of them contain putative signal peptides (;18%).
It has recently been argued that most of the annotated human orphan proteins are likely to be spurious ORFs that are not functional (Clamp et al. 2007 ). Here we only considered human gene products that showed significant similarity to putative macaque and chimpanzee proteins and, with this data set, we reached quite different conclusions regarding the possible functionality of orphan genes. First, codon usage values were largely consistent with the current annotation of these genes as protein-coding genes. Second, the expression of many of these genes was well supported in EST and/or cDNA libraries. Third, about one-fourth of them showed sequence similarity to protein families that included nonprimate homologues. Fourth, although the number of experimentally verified proteins in the data set was small, these proteins showed similar characteristics to the rest, including high substitution rates between human and macaque, indicating that high divergence is not necessarily linked to lack of protein functionality.
In Drosophila, lineage-specific genes are often expressed in testis (Levine et al. 2006; Zhou et al. 2008) , and the same has been observed for recent primate retrogenes (Marques et al. 2005) . In contrast, primate orphan genes showed high tissue specificity but not testis-specific enrichment when compared with all human tissue-specific genes. One interesting question is how newly formed genes acquire functional promoter sequences, particularly in the case of retrogene copies or genes originated de novo. Previous studies suggest that widely expressed genes require a larger number of regulatory motifs for basic transcription factors (Sp1, GABP/ETS, CAAT-BP, etc.) than tissue-specific genes (Bellora et al. 2007b) . We found that, although the number of motifs in orphan genes was significantly higher than the number expected in random sequences of similar compositional and CpG content, it was, in general, smaller than in genes of deeper phylogenetic conservation. So, the reduced number of functional regulatory motifs in new promoter sequences may explain why so many orphan genes are expressed in a tissue-specific manner.
An important fraction of the primate orphan genes showed significant sequence similarity to human genes that in turn had homologues in other mammalian species. This is consistent with the previously proposed mechanism of gene duplication followed by rapid sequence divergence as an explanation for the high number of orphan genes detected in Drosophila (Domazet-Loso and Tautz 2003). Gene duplication has a prominent role in the creation of novel functional lineage-specific genes (Ohno 1970; Long et al. 2003) , either by unequal crossing over or by retrotransposition. The latter has been shown to be a very active process for the formation of Drosophila and human lineagespecific genes (Marques et al. 2005; Vinckenbosch et al. 2006; Bai et al. 2007) . None of the genes in our list matched the list of recently originated functional human gene retrocopies provided by Marques et al. (2005) (supplementary  table S1 , Supplementary Material online), probably because our study only comprised orphan genes, but, in this context, our results also indicated that retrotransposition is a relevant process for the formation of rapidly evolving, lineage-specific gene copies.
One striking result was that a very large fraction of the primate orphan genes showing no homology to human conserved genes contained TE-like sequences. Overall, genes containing TE represented 53% of the orphan primate genes, far greater than the estimated 4% of human genes containing these elements (Nekrutenko and Li 2001) . This result is not so surprising if we consider that TEs, specially Alus, are a major substrate for exon formation in primates (Krull et al. 2005; Corvelo and Eyras 2008) . This has been attributed to the fact that they contain motifs that can become functional splice sites via specific mutations, allowing the exonization of part of the element (Gal-Mark et al. 2008) . Our results strongly suggest that TEs may also promote the formation of completely new genes, which is reinforced by the observation that TE-containing primate orphan genes were essentially located in primate-specific genomic regions. Two mouse genes, lungerkine and mNSC1, have previously been suggested to originate from TEs as they lack orthologues in human and rat and a large part of their coding sequence is composed of rodent TEs (Nekrutenko and Li 2001) . The insertion of TE-derived exons in coding sequences can generate protein functional variants (Gerber et al. 1997 ). TE-containing orphan genes were very poorly annotated at the functional level, although many had putative macaque orthologues. However, only about 30% of them corresponded to entries in Uniprot, whereas the general figure for primate orphan genes was 52%. Future studies will be required to better assess how many of these genes encode functional proteins and to fully understand their relevance in the generation of evolutionary gene novelty in the primate lineage.
We obtained evidence that about 5.5% of primate orphan genes could have originated de novo from noncoding genomic regions. The syntenic regions in other mammalian species lacked the potential to code for similar genes, which indicates that these genes may only have become functional in the primate lineage, although independent pseudogeneization in different mammalian lineages cannot be completely ruled out. To our knowledge, this is the first time that this mechanism is proposed to have made a significant contribution to the formation of novel genes in mammals, although it has been previously proposed to explain the formation of several novel Drosophila Levine et al. 2006; Zhou et al. 2008) and S. cerevisiae genes (Cai et al. 2008) .
Independently of the mechanism by which the gene has originated, many of the new proteins are markedly short; in addition, there is a direct relationship between the length of the gene and its age (table 1) (Alba and Castresana 2005; Choi and Kim 2006) . It has previously been proposed that proteins tend to become longer and to evolve toward complex a/b structures (Choi and Kim 2006) , as they become older. The acquisition of new domains, for example, by exon shuffling (Long et al. 2003) , exonization (Sorek 2007) , or expansion of short repetitive elements (Mularoni et al. 2007) , may result in protein size increase in a time-dependent fashion. Concomitantly, functional constraints may also become stronger with time, which would be reflected in the lowest evolutionary rates being observed in the most ancient proteins (Alba and Castresana 2005) .
Important advances have been made in deciphering the human transcriptome, through the development of new high-throughput technologies such as tiling microarrays or large-scale determination of transcript ends (Birney et al. 2007; Kapranov et al. 2007 ). These studies have revealed that a much larger fraction of the genome than previously thought is found in primary transcripts, potentially increasing the opportunities for new gene functions to arise. Short ORFs present in such transcripts could occasionally be translated into new peptides, which would then be tested by natural selection. If advantageous, the new function would be retained and continue to evolve. We hope our results will encourage further studies on the evolutionary and functional implications of newly formed genes.
Supplementary Material
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